Zinc metal has been studied at high pressure using x-ray absorption spectroscopy. In order to investigate the role of the different degrees of hydrostaticity on the occurrence of structural anomalies following the electronic topological transition, two pressure transmitting media have been used. Results show that the electronic topological transition, if it exists, does not induce an anomaly in the local environment of compressed Zn as a function of hydrostatic pressure and any anomaly must be related to a loss of hydrostaticity of the pressure transmitting medium. The near-edge structures of the spectra, sensitive to variations in the electronic density of states above the Fermi level, do not show any evidence of electronic transition whatever pressure transmitting medium is used.
I. INTRODUCTION
Zinc and its isoelectronic counterpart, cadmium, are unique among divalent hexagonal closed packed ͑hcp͒ structured metals. For Zn, the c / a axial ratio is equal to 1.856 ͑Ref. 1͒ ͑1.886 for Cd͒ and exceeds by about 14% the ideal value ͓ͱ͑8/3͔͒ of hcp structures. As a consequence, the structure of Zn is quite distorted and the local environment is not given by 12 first neighbors like in a regular hcp metal, but by 6 first neighbors at 2.664 Å and 6 second neighbors at 2.91 Å. The effect of the large axial ratio c / a in Zn is also exhibited in its Fermi surface topology and, accordingly, many of its solid state properties are highly anisotropic. The fact that the Fermi surface of Zn differs from that of normal hcp metals gives rise to a giant Kohn anomaly in the zone center, 2 i.e., in the long wavelength phonons region. Such anomaly can substantially affect low-energy acoustic phonons producing abrupt changes of phonon frequencies at wave vectors that are related to extremal dimensions of the Fermi surface. 3 Theoretical studies have been debating these phenomena in terms of density of states at the Fermi energy N͑E F ͒ and, in particular, in terms of the asymmetric charge distribution of the p states that mainly contribute to the N͑E F ͒. 4 Upon compression, the axial ratio c / a decreases toward the ideal value because of an important anisotropy of the linear compressibility. As the ratio c / a diminishes, qualitative changes in the band structure occur. Following a compression, the electronic band extremum may shift through the Fermi level E F . In this case, new elements appear on the Fermi surface that change its topology. Such topology change, referred as electronic topological transition ͑ETT͒, can lead to anomalies in transport, thermodynamic, and vibrational properties, as well as in the lattice structure. In this context, the high pressure behavior of Zn is of particular interest.
Many experimental works dealing with structural studies of Zn under pressure aimed to detect an anomaly in the trend of the c / a axial ratio under pressure. Such anomaly was first reported by Lynch and Drickamer 5 around 7 GPa, although this result was not confirmed later by McWham 6 and by Schulte et al. 7 More recently, Takemura et al. performed several angle dispersive x-ray diffraction studies [8] [9] [10] [11] using different pressure transmitting media ͑PTM͒ obtaining different results. They showed that the occurrence of an anomaly of c / a as a function of pressure could be related to the nonhydrostaticity of the PTM. Contradictory results can also be found among the studies aimed to detect an anomaly in the lattice dynamics following the ETT. An anomalous high pressure behavior of the acoustic phonon frequencies is supported by both Mössbauer studies [12] [13] [14] and an inelastic neutron scattering ͑INS͒ study, 15 though the two results are in contrast as a phonon softening and hardening were found by the Mössbauer and INS studies, respectively. On the other hand, Klotz et al. 16 did not report any anomaly in a following INS work. In an intermediate position is a Raman study 17 where an anomaly has been observed in the pressure dependence of the linewidth around 10 GPa, but not in the frequency of the Raman mode.
The conflicting experimental results have prompted several subsequent theoretical investigations on the structure and electronic properties of Zn at high pressure. 3, [18] [19] [20] [21] [22] Band structure and density of states calculations are made to predict the occurrence of the ETT in Zn. Total energy calculations are made in order to determine the crystallographic axes at different volumes by finding the minimum in the total energy evidencing possible anomalies in the c / a axial ratio.
A large consensus exists between the theoretical studies about the occurrence of, at least, one ETT in Zn under pressure, though different works and methods calculated and found one or more ETTs in different points of the Brillouin zone. However, contradictory results concern the question whether or not such ETT͑s͒ are accompanied and/or coupled with the anomaly in c / a. Meenakshi et al., 18 Novikov et al., 3 Godwal et al., 22 Kechin, 21 and Li and Tse 23 supported the occurrence of the anomaly in c / a. Li and Tse also found a softening of acoustic modes near the ⌫ point at the pressure where the c / a ratio shows a discontinuity. In contrast, Steinle-Neumann et al. 20 showed that the ETT is independent of the calculated anomaly in the a axis compressibility and, in particular, that the trend of the a axis strongly depends on the number of the k sampling of the calculations. This overview shows that the high pressure behavior of Zn is an example not only of controversy but also of extensive interplay between theory and experiment.
No x-ray absorption spectroscopy ͑XAS͒ study of Zn under pressure exists in literature. X-ray absorption fine structure ͑XAFS͒ refers to the oscillatory structure in the x-ray absorption coefficient above an x-ray absorption edge. This is a unique signature of a given material and depends on its atomic structure and vibrational properties. 24 The aim of this study is twofold: ͑i͒ to give a direct evidence for the ETT in solid Zn under pressure by probing the pressure-induced changes in the electronic density of states above the Fermi level through the variation of the x-ray absorption near-edge structure ͑XANES͒ and ͑ii͒ to detect a possible anomalous dependence with pressure of the nearest neighbor distances connected to a change of the Fermi surface topology.
The paper is organized as follows: In Sec. II, we report the experimental details of the XAFS measurements. In Sec. III, we present the data and their evolution from a qualitative point of view. The details of the data analysis together with the results are presented in Sec. IV. In Sec. V, we discuss the results, and in Sec. VI, we give several conclusions.
II. EXPERIMENTAL DETAILS
The XAS data have been recorded at the dispersive XAS beamline of ESRF, ID24 ͑Ref. 25͒ at the Zn K edge ͑9659 eV͒.
The sample consisted of a foil of 10 m thickness from Goodfellow ͑purity of 99.9%͒. A preliminary angle dispersive x-ray diffraction pattern recorded on BM08 using a monochromatic beam of = 0.355 Å and an image plate as detector showed a random orientation of the crystallites in the foil.
The pressure was generated by a Le Toullec diamond anvil cell ͑DAC͒ and was measured before and after each XAS spectrum using the ruby fluorescence method. 26 The ruby sphere was placed close to the border of the cell volume, while the sample was placed at the center. This is necessary for XAS experiments to avoid any interaction between the x-ray beam and the ruby, detrimental to the data quality. The possible nonhydrostaticity leads to a pressure gradient in the sample volume. In particular, the pressure is higher at the center of the cell volume ͑where the sample for XAS measurements is placed͒ and decreases toward the border of the cell volume ͑where the ruby sphere is placed͒. Therefore, in the present experiments, the ruby fluorescence gives a measure of the pressure that is less than the pressure to which the sample for XAS measurements is actually subjected. Two experiments were performed: the first up to 13 GPa using a 4:1 mixture of methanol:ethanol ͑M:E͒ as PTM, and the second up to 30 GPa using neon. The M:E is supposed to yield quasihydrostatic conditions up to 10 GPa. [27] [28] [29] [30] Previous experiments 31 suggest that the strength of solid Ne above 100 GPa is sufficiently low that the material can be used as a quasihydrostatic medium over this pressure range.
A reference spectrum of Zn foil at ambient conditions was recorded per each spectrum as a function of pressure. Such a procedure is necessary whenever small changes of the absorption edge energy might be detected at a phase transition. Bragg reflections of the diamond anvils limited the exploitable k range of the data to a maximum of about 9 Å −1 . Other less intense Bragg reflections were present at lower k ͑see Figs. 1-3͒ without being detrimental for the data analysis.
III. QUALITATIVE DESCRIPTION OF DATA AND EVOLUTION WITH PRESSURE
In Fig. 1 , we present the data recorded during the two experiments normalized to the jump at the absorption edge at selected pressures. The data do not show any dramatic change up to the maximum pressure. The arrows highlight the evolution with pressure of the main features ͑maxima and minima͒ of the modulations of the absorption cross section. As pressure increases ͑bottom to top͒, the main frequency of the oscillations decreases as a consequence of bond length contraction. According to the electric dipole selection rules, the XANES spectra directly probe the density of unoccupied states with p symmetry. Therefore, the variations as a function of pressure of the near-edge structures of the spectra are a probe for pressure-induced changes in the electronic density of states above the Fermi level and may be a direct evidence of the ETT.
The near-edge part of the spectra for the two experiments is shown in Fig. 2 . Although the data show a decrease of the intensity of the white line with respect to the first oscillation at about 9680 eV, such modifications are gradual as a function of pressure and no discontinuity can be observed. The two insets of Fig. 2 show the energy evolution with pressure of the maximum of the derivative of the absorption spectra with respect to the first point recorded in the two experiments at 1 and 2.55 GPa, respectively. Even in this case, the evolution toward high energies of the onset of the absorption is continuous for both experiments.
The experimental XAFS ͑k͒ was obtained after subtracting the embedded-atom absorption background from the measured absorption coefficient 32 and normalizing by the edge step. The curves for the two experiments, multiplied by k, are shown in Fig. 3 ͑top panels͒. The evolution of the extracted signals is continuous with pressure. At specific k values, indicated by arrows on the top panels of Fig. 3 , the differences between the signals at low and high pressures are more evident. To highlight such changes, we plotted the intensity of the k͑k͒ signals as a function of pressure at these values of k. The bottom panels of Fig. 3 report, as an example, the trend of the k͑k͒ as a function of pressure for k = 4.75 Å −1 . The continuous line is a guide for the eyes. There is no discontinuity for the Ne data set, while a small one can be observed at 9 GPa for the M:E data set. Similar results were obtained at different k values.
IV. EXTENDED X-RAY ABSORPTION FINE STRUCTURE DATA ANALYSIS AND RESULTS
The EXAFS data analysis was carried out using the GNXAS package. 33 The main contribution to the total EXAFS signal is given by the single scattering between the photoabsorber and the first six neighbors. Given the k range of the EXAFS data, limited by the Bragg reflections arising from the diamond anvils, we analyzed the data using a single-distance shell to limit the number of free parameters. A symmetric distribution of bond distances was used, characterized by the following structural parameters: R ͑average bond distance͒ and 2 ͑relative mean square displacement or EXAFS Debye-Waller factor͒. The best-fit calculation compared with the experimental EXAFS spectrum for the data at 10.3 GPa using Ne as PTM is shown in the left panel of Fig.  4 .
The residual function ͑bottom curve͒ contains frequencies associated with higher distance shells and multiple scattering contributions. However, the first peak of the Fourier transform of the experimental data is well reproduced by the bestfit calculation, showing that the structural parameters relative to the first neighbors are correctly determined within the reported errors. Figure 5 reports the first neighbor average distances and EXAFS Debye-Waller factors ͑left and right panels, respectively͒ obtained from the experimental data collected using M:E as PTM. First neighbor distances R calculated from the lattice parameters reported by Takemura 10 ͑solid line͒ are compared with XAFS experimental results. The EXAFS results are in good agreement with Takemura's up to P = 10 GPa. After this pressure, an evident discrepancy can be observed: in particular, the XAFS results show an increase of bond compressibility after 10 GPa. The present result appears to be counterintuitive and it will be discussed in the next section. The evolution as a function of pressure of the EXAFS Debye-Waller factor does not show any discontinuity within the error up to the maximum pressure reached. Figure 6 reports the first neighbor average distances and EXAFS Debye-Waller factors ͑left and right panels, respectively͒ of the experiment performed using neon as PTM. First neighbor distances R calculated from the lattice parameters reported by Takemura 10 are compared with XAFS experimental results. The EXAFS results are in good agreement with Takemura's up to the maximum pressure reached. The first neighbor average distance decreases smoothly as a function of pressure with no discontinuity whatsoever. The EXAFS Debye-Waller factor does not show any discontinuity within the error up to the maximum pressure reached. Nonetheless, it does not decrease linearly with increasing P as the first neighbor distance does. This must be attributed to an overestimation at low pressures ͑P ഛ 8 GPa͒ due to the used fitting procedure. At ambient pressure, the first and the second shell of neighbors are at distances with respect to the photoabsorber atom such that the corresponding calculated single scattering signals are in antiphase in the k range of interest ͑k =3-9 Å −1 ͒. Under compression, the phases of the two calculated signals approach each other, but they never become equal. That is to say, although upon compression Zn approaches the ideal hcp structured metals, it never possesses ͑at least up to 30 GPa͒ a local environment given by 12 nearest neighbors. At low pressures, the experimental signal is anomalously dumped by the fact that the two main contributions ͑first and second shell neighbor single scattering signals͒ are in antiphase. This effect, on one side, prevents the accurate determination of the second shell neighbor distance and, on the other side, yields to an overestimation of the variance ͑ 2 ͒ of the first shell distance distribution functions.
V. DISCUSSION
We found that the evolution of the first neighbor average distance R as a function of pressure depends on the PTM used. In particular, the first neighbor average distance R presents a discontinuity at about 10 GPa when M:E is used as PTM. This is in agreement with Takemura 9 according to which an anomaly on the structure of Zn under pressure must be attributed to a loss of hydrostaticity of the PTM. Our result can be explained in terms of pressure gradient inside the sample volume of the DAC in case of nonhydrostatic conditions. The fact that the ruby sphere for the pressure measurements was placed close to the border of the cell volume together with a pressure gradient that is associated with nonhydrostatic conditions led to an underestimation of the pressure relative to the EXAFS spectra measured on a sample placed at the center of the cell volume. The EXAFS spectra recorded using M:E as PTM at reported pressures beyond 10 GPa are, in fact, relative to higher pressure conditions on the sample. Therefore, we do not attribute the discontinuity of R, as reported in the left panel of Fig. 5 , to an anomaly following an ETT in compressed Zn nor to an effect due to strain on the sample subjected to nonhydrostatic conditions. This last hypothesis is ruled out as EXAFS is less sensitive to nonhydrostaticity and uniaxial strain, since it measures average bond distances directly. We attribute the above discussed discontinuity of R to an effect of pressure gradient that, if taken into account, would eliminate or at least decrease such discontinuity. This argumentation is supported by the results obtained using Ne as PTM. In this case, since the pressure gradients were negligible as the quasihydrostaticity was conserved up to the maximum pressure reached, no discontinuity was observed.
EXAFS probes an average of configurations around the photoabsorber and the bond distances are spread in a distribution g͑r͒. The width of such a distribution is taken into account by the mean square relative displacement If we consider the thermal part only of the EXAFS Debye-Waller factor, in the case of a monatomic Bravais crystal and assuming the validity of the harmonic approximation, it can be linked to the frequency of the vibrational mode as follows:
where is the reduced mass of the photoabsorber M 0 and the neighbor M i , ␤ =1/k B T, and i ͑͒ is a projected density of modes which properly weights the contribution of each mode to relative vibrational motion along the bond direction.
Only the short wavelength modes are relevant to the vibration of the first neighbor atoms. However, the possible destruction of the giant Kohn anomaly following the occurrence of the ETT would concern an anomaly in the long wavelength phonon modes that, for what discussed before, unlikely could be detected by an anomaly of the EXAFS Debye-Waller factor. Concerning the structural contribution of the EXAFS Debye-Waller factor, a theoretical prediction exists 3 according to which at the occurrence of the ETT several values of c / a might coexist, keeping the energy almost constant. This would induce in the local structure an increase of disorder that would be possibly detected by an anomalous increase in the trend as a function of pressure of the DebyeWaller factor. This effect, if it existed, would compete with a normal decrease of the EXAFS Debye-Waller factor as an effect of the bond distance reduction due to compression.
VI. CONCLUSIONS
In conclusion, we performed two EXAFS experiments on Zn under pressure using different PTM of different hydrostaticity: M:E and Ne. The XANES part of the spectra shows a continuous evolution without any anomaly and/or discontinuity for both data sets. The EXAFS signals show for both data sets an increase of the intensity of the oscillations. For the M:E set, the signals show a discontinuity for several k values at about 10 GPa, while for the Ne set, a continuous evolution is shown up to the maximum pressure. The quantitative EXAFS analysis shows for the M:E data set a discontinuity in the trend of R at ϳ10 GPa and a smooth variation of EXAFS Debye-Waller factor and for the Ne a smooth variation of R and 2 . Therefore, the ETT, if it exists, does not induce an anomaly in the local environment of compressed Zn as a function of quasihydrostatic pressure. Any anomaly must be related to a loss of hydrostaticity of the PTM. The XANES features, sensitive to changes in the electronic density of states, do not show evidence of electronic transition whatever pressure transmitting medium is used.
ACKNOWLEDGMENTS
We acknowledge the European Synchrotron Radiation Facility for provision of in-house research beamtime. We are also grateful to M. Merlini for sample characterization on beamline BM08 ͑ESRF͒ and to C. Meneghini for useful discussion. *aquilanti@esrf.fr
